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ABSTRACT 

Key r e l i a b i l i t y  and engineering lessons learned 
from the 10-year h i s t o r y  o f  t he  Je t  Propulsion 
Laboratory 's F l a t - P l a t e  Solar  Array Project  are 
presented and analyzed. P a r t i c u l a r  emphasis i s  
placed on l e s s w  app l icab le  t o  the  evolv ing new 
t h i n - f i l m  c e l l  and aodule technologies and the  
organizat ions invo lved w i t h  these technologies. 
The user -spec i f i c  demand f o r  r e l i a b i l i t y  i s  a 
s t rong func t i on  of the  app l ica t ion ,  i t s  locat ion,  
and i t s  expected duration. Lessons r e l a t i v e  t o  
e f f e c t i v e  means o f  spec i fy ing  r e l i a b i l i t y  are des- 
cribed, and c w o n l y  used t e s t  requirements are 
assessed f ran  t h e  standpoint o f  which are the  most 
troublesome to  pass, and which cor re la te  best  w i t h  
f i e l d  experience. nodule design lessons are also 
s m a r i z e d ,  i n c l u d i n g  t h e  s ign i f i cance o f  t h e  most 
f requent 1 y encountered f a  i l u r e  mechan i sms and t h e  
r o l e  o f  encapsulant and c e l l  r e l i a b i l i t y  i n  deter- 
mining module r e l i a b i l i t y .  Lessons per ta in ing  t o  
research, design, and t e s t  approaches include the 
h i s t o r i c a l  r o l e  and usefulness o f  q u a l i f i c a t i o n  
t e s t s  and f i e l d  tests.  

During t h e  pas t  10 years t he  r e l i a b i l i t y  of 
c r y s t a l l i n e - s i l i c o n  modules has been brought t o  a 
h igh  l eve l  w i t h  l i f e t i m e s  approaching 20 years, 
and exce l len t  i n d u s t r y  c r e d i b i l i t y  and user 
sa t i s fac t i on .  With t h e  emergence o f  t h i n - f i l m  
power modules i t i s  important t o  review t h e  
lessons learned fran t h e  c rys ta l l i ne -S i  product 
development h i s t o r y  and apply t he  technology base, 
where applicable, t o  enhance the  developnent o f  
t h i n - f i l m  modules. 

Th is  paper presents t he  r e s u l t s  o f  one phase 
o f  research conducted a t  t he  Je t  Propulsion 
Laboratory, C a l i f o r n i a  I n s t i t u t e  o f  
Technology, f o r  t h e  U.S. Department o f  Energy, 
through an agreement w i t h  t he  Nat ional  
Aeronautics and Space Administrat ion. 

* R e l i a b i l i t y  and Engineering Sciences Manager, 
F la t -P la te  Solar  Array Project ,  and 
Supervisor, Photovol ta ic Engineering Group, 
Systems In teg ra t i on  Section. 

The t r a n s i t i o n  from c r y s t a l l i n e  modules t o  
t h i n - f i l m  modules i s  comparable t o  the t r a n s i t i o n  
from d iscre te  t rans is tors  t o  integrated c i r c u i t s .  
New c e l l  mater ia ls  and monol i th ic st ructures w i l l  
requ i re  new device processing techniques, but the 
package funct ion and design w i l l  evolve t o  a lesser 
extent. Although there may be new encapsulants 
optimized t o  take advantage o f  the mechanical 
f l e x i b i l i t y  and low-temperature processing fea- 
tures o f  t h i n  f i lms,  the r e l i a b i l i t y  and l i f e -  
degradation stresses and mechanisms w i  11 remain 
mostly unchanged. Key r e l i a b i l i t y  technologies i n  
comnon between c r y s t a l l i n e  and t h i n - f i l m  modules 
include hot-spot heating, galvanic and e lec t ro-  
chemical corrosion, hai l - impact  stresses, glass 
breakage, mechanical fat igue,  photothermal degrada- 
t i o n  o f  encapsulants, operat ing temperature, mois- 
t u r e  sorption, c i r c u i t  design strategies, product 
sa fe ty  issues, and the process required t o  achieve 
a r e l i a b l e  product from a laboratory prototype. 

Increased array l i f e  and r e l i a b i l i t y  d i r e c t l y  
inf luence the economic v i a b i l i t y  o f  photovol ta ics 
as an energy source by con t ro l l i ng  the t o t a l  
number and s ize  o f  revenue papents  received from 
f u t u r e  sales o f  e l e c t r i c i t y .  A f te r  considerations 
o f  present-value discounting and escalat ion o f  the 
worth o f  e l e c t r i c i t y  i n  future years, a 30-year PV 
plant ,  for example, i s  worth 25 t o  30 percent more 
than a 20-year- l i fe p lant .  Based on t h i s  economic 
s e n s i t i v i t y  t o  p lan t  l i f e ,  a 30-year l i f e  was 
chosen as the ta rget  o f  the c rys ta l l i ne -S i  module 
development e f f o r t .  To achieve t h i s  high leve l  o f  
r e l i a b i l i t y ,  a comprehensive r e l i a b i l i t y  program 
was undertaken i n  1975 by the Jet  Propulsion 
Laboratory F la t -P la te  Solar Array (FSA) Project  t o  
develop the technology base required. 

The remainder o f  t h i s  paper sumnarizes the key 
r e l i a b i l i t y  lessons learned from t h i s  10-year 
c r ys ta l l i ne -S i  module development h i s t o r y  w i t h  
p a r t i c u l a r  emphasis on lessons o f  use t o  new 
technologies and companies. For convenience the 
lessons are div ided i n t o  three top i c  areas: 
R e l i a b i l i t y  Requirement Lessons, R e l i a b i l i t y  
Design Lessons, and R e l i a b i l i t y  Test ing Lessons. 

RELIABILITY REQUIREMENT LESSONS 

One element o f  controversy t h a t  enters ear ly  
i n t o  the debate about r e l i a b i l i t y  i s  the t rade-of f  
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between designing a h i g h - r e l i a b i l i t y ,  l o n g - l i f e  
product versus an inexpensive, replaceable pro- 
duct. There i s  no easy answer t o  t h i s  question, 
fo r  i t  involves manufacturer and user-speci f ic  
considerations. The approach taken i n  the FSA 
Project  was t o  develop the technologies f o r  a 
l o n g - l i f e  product, inc lud ing the  l i f e -p red ic t i on  
and l i f e - c y c l e  cost ing economic too l s  t o  al low 
each manufacturer and user t o  best evaluate h i s  
needs. 

Manufacture- and user-spec i f  i c  consi dera t i  ons 
include such items as the  service environment and 
t h e  expected durat ion o f  the  intended appl icat ion,  
expected fu tu re  cost reductions or product obso- 
lescence, the ease and cost  o f  per iodic main- 
tenance and replacement, and the consistency of 
the  product's r e l i a b i l i t y  w i t h  the manufacturer's 
image and reputation. 

knong these, probably the  most fundamental 
element def in ing r e l i a b i l i t y  requirements i s  t he  
l eve l  o f  appl ied stresses i n  the  intended 
appl icat ion.  Experience w i t h  c r y s t a l l i n e - s i l i c o n  
modules suggests the  fo l lowing environments p lay  

r o l e  (ordered f ran  most s ign i f i can t  t o  

System operat ing voltage 
Operating temperature 
Ambient humidity l eve l  
Ambient s o i l i n g  l eve l  
Presence o f  s a l t  f o g  (marine environments) 
Level o f  solar  exposure ( u l t r a v i o l e t )  
Maxinun h a i l  stone impact 
Maximum wind ve loc i t y  ( s t ruc tu ra l  loading) 

System voltage heads t h e  l i s t  because i t  
impacts a large number o f  r e l i a b i l i t y  parameters 
inc lud ing voltage i so la t i on  and grounding require-  
ments, electrochemical corrosion, hot-spot heat- 
ing, bypass diodes, and the number o f  ser ies c e l l s  
i n  an array source c i r c u i t .  Since the  number o f  
ser ies  c e l l s  a f fec ts  the  array's tolerance t o  
open-circui t  c e l l  f a i l u res ,  system voltage i n -  
d i r e c t l y  inf luences the  tolerance o f  the  array t o  
cracked c e l l s  and interconnect open c i r c u i t s  (1). 

Operating temperature also shares the top o f  
t h e  l i s t  by having an accelerating inf luence on 
near ly  every f a i l u r e  mechanism inc lud ing voltage 
is01 ation, corrosion, hot-spot heating, photo- 
thermal degradation o f  encapsulants, delamination, 
interconnect fat igue, and c e l l  cracking. A l l  but 
t he  l a s t  two mechanisms t y p i c a l l y  have an 
Arrhenius dependency on temperature ( l og  react ion  
r a t e  inverse ly  proport ioned t o  reciprocal  absolute 
temperature) w i th  a react ion  r a t e  doubling f o r  app- 
roximately every lWC increase i n  temperature 
f2,3,4). This impl ies t h a t  an app l ica t ion  t h a t  op- 
erates lOoC hot ter  than another w i l l  l a s t  only 
h a l f  as long. Interconnect fa t igue and c e l l  crack- 
i n g  are sens i t i ve  t o  d i f f e r e n t i a l  expansion stres- 
ses caused by the number o f  temperature cycles 
(1.5) and the high and low temperature extremes. 

Humidity, l i k e  temperature, has a strong 
accelerat ing i n f  1 uence on many o f  the  degradation 
mechanisms including corrosion, voltage breakdown, 

photothermal degradation and del aminat ion (2,3). 
Hunidi ty can also lead t o  large d i f f e ren t i a l  expan- 
s ion stresses tha t  aggravate delamination and 
fat igue. 

The remaining environments are s i m i l a r l y  s i t e  
spec i f i c  and have been found t o  have lesser, but 
important inf luences on module r e l i a b i l i t y  (1). 

Quant i fy ing Appl icat ion Stress Requirements 

Once the important appl i c a t  ion-dependent and 
site-dependent stresses are ident i f ied ,  a key 
d i f f i c u l t y  i s  reducing them t o  spec i f i c  stress- 
t ime requirements against which the module can be 
designed and ver i f ied .  Some environments, such as 
system voltage level ,  are eas i l y  ident i f ied ;  
others such as h a i l  stone size, temperature and 
humidity extremes, and maximum wind veloci ty,  
require reference t o  h i s t o r i c a l  weather data and 
considerations o f  s t a t i s t i c a l  l i ke l ihood over the 
period of the intended application. I n  general, 
two types o f  stress-t ime requirements have been 
found useful : (1) a statement o f  the actual 
s i te -app l ica t ion  requirement (such as 30 years o f  
the operating temperatures o f  a Boston roof -  
mounted array), and (2)  an accelerated qua? i f  ica-  
t i o n  t e s t  against which the module can be tested. 

The s i te -app l ica t ion  requirement i s  needed f o r  
deta i led  l i f e -p red ic t i on  simulation analyses and 
i s  generally computed based on SOLMET hour ly 
weather h i s to r i es  f o r  s i t e s  i n  the United States 
(6,7). For example, time-varying module tempera- 
t u r e  and humidity l eve l  can be computed from the 
hour ly weather data using heat t ransfer and 
water-sorption models tha t  include the appl icat ion 
thermal boundary conditions. This resu l ts  i n  an 
ana ly t ica l  model o f  the appl icat ion stress-t ime 
requirement . 

Although the ana ly t ica l  stress-t ime model i s  
very useful i n  l i f e  pred ic t ion  computer simu- 
la t ions ,  i t  f a i l s  t o  provide a requirement tha t  a 
fabr icated module can be qu ick ly  and inexpensively 
tested to; t h i s  need i s  met by a qua l i f i ca t i on  
test .  I dea l l y  the qual t e s t  stress-t ime level  i s  
selected t o  cor re la te  t o  a given appl icat ion 
stress-t ime environment; ce r ta in l y  t h i s  i s  the 
desired goal. I n  practice, the stress p r o f i l e  o f  
a given qual t e s t  i s  ca re fu l l y  i t e ra ted  based on 
ana ly t ica l  predict ions and f i e l d  aging experience 
t o  provide a best possible correlat ion.  

During the 10 years o f  the FSA Project, a 
number o f  module q u a l i f i c a t i o n  tes ts  have been 
developed and re f ined t o  the present Block V 
sequence deta i led  i n  Table 1 (8). These tes t  
leve ls  have been ca re fu l l y  selected and revised 
w i th  t ime so as t o  f a i l  past module designs wi th  a 
known h i s t o r y  o f  f i e l d  problems and t o  pass mod- 
ules w i th  good f i e l d  performance (9). A review of 
the experience w i t h  these tes ts  provides important 
lessons f o r  designers o f  fu ture  t h i n - f i l m  modules. 

Tem erature C c l i n  and Hunidi t  C l ing .  
h e - r  importancz a r k e y  
accelerators o f  degradation mechanisms, the 
temperature and humidity t es ts  serve as the 



Table 1. JPL Block V Module Q u a l i f i c a t i o n  Tests th ickes t  used, and i s  adequate f o r  5-an diameter 
h a i l  stones. 
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appl icat ions w i th  system voltages above 50 v. It 
requires great care i n  the design o f  the module's 
e l e c t r i c a l  insu la t ion  system and i s  troublesome t o  
meet. Typical problems include excessive leakage 
current  through p a r t i a l  l y  conductive gaskets and 
edge seals, and inadequately insulated e l e c t r i c a l  
leads. It may pose special problems f o r  t h i n - f i l m  
modules made w i th  t in -ox ide  coated glass because 
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the edge o f  the glass i s  o f  ten e l e c t r i c a l  l y  con- 
nected t o  the  c e l l s  through the conductive oxide. 

I n  add i t ion  t o  these Block V Q u a l i f i c a t i o n  
of ~ n - t i n ~  tests,  there are a few key environmental 

requirements t ha t  have not been reduced t o  a qual 
tes t ,  or have on ly  recent ly  been. These include 

workhorse requirements i n  t he  qua1 t e s t  sequence; photothermal aging, so i l ing ,  electrochemical 
they  h a w  good c o r r e l a t i o n  t o  f i e l d  f a i l u r e s  and corrosion, and overheating o f  bypass diodes. 
are genera l ly  t h e  most d i f f i c u l t  t o  pass. Typical  
f a i l u r e  mechanisms include encapsulant delami- Photothermal Aging. I n  c r ys ta l  1 i n e - s i l  icon 
nation, interconnect  fat igue,  cracked ce l ls ,  c e l l  modules, t h i s  requirement addresses the resistance 
m e t a l l i z a t i o n  corrosion and warping o f  p l a s t i c  o f  module encapsulants t o  u l t r a v i o l e t  photothermal 
par ts .  The 850C and 900C upper temperature oxidation. Although long-term l i f e - t e s t i n g  
l i m i t s  o f  these tes t s  accurately r e f l e c t  upper- methods have been evaluated, the  complex depen- 
bound f i e l d  operat ing temperatures, and t h e  dency o f  photodegradation on spectral irradiance, 
-40% lcms r e f l e c t  ambient lows. Th in- f i lm temperature, and humidity l eve l  has precluded the 
modules should be monitored f o r  f a i l u r e s  caused by d e f i n i t i o n  o f  a short-term q u a l i f i c a t i o n  t e s t  w i th  
d i f f  e ren t i  a1 expansion and corrosion such as good f i e l d  cor re la t ion .  Most c r ys ta l  1 ine modules 
delamination o f  encapsulants, loss o f  c e l l  have met the requirement by using mater ia ls such 
me ta l l i za t i on ,  and degradation o f  mono l i th ic  c e l l  as glass, s i  1 icon ribbon, and ethylene-vinyl- 
interconnects . acetate (EVA) w i t h  proven UV s t a b i l i t y  (11). 

Modules incorporat ing other polyners i n  t h e i r  
Hot-Spot Testing. The need f o r  hot-spot t e s t i n g  construct ion must be c a r e f u l l y  evaluated using 
i s  p r i n c i p a l l y  associated w i t h  high-voltage long-term t e s t i n g  techniques tha t  assess gradual 
appl icat ions,  which can generate substant ia l  loss o f  UV screens and antioxidants as wel l  as 
reverse voltages across a temporar i ly  shadowed t e s t  the basic photothermal s t a b i l i t y  o f  the 
c e l l  or module, and thereby r e s u l t  i n  damaging as-fabricated module. Outdoor t e s t i n g  a t  f i x e d  
hot-spot heat ing levels.  The complexity o f  t he  elevated temperatures such as 850C i s  proving 
hot-spot heat ing phenanenon requires t h a t  a number increasingly useful  i n  t h i s  regard. I n  add i t ion  
o f  c e l l  and module pa rme te rs  be proper ly  t o  t e s t i n g  the photothermal s t a b i l i t y  o f  the 
accounted f o r  dur ing  tes t ing ,  and has resu l ted  i n  polyners, t h i s  type o f  t e s t  may also be useful t o  
a c a r e f u l l y  def ined t e s t  procedure (8). The t e s t  assess l ight- induced e f fec t s  i n  t h i n - f i l m  modules 
i s  genera l ly  easy t o  meet if generic bypass diode such as amorphous s i l i con.  
recomnendations are followed, such as those 
r e c e n t l y  developed fo r  aaorphous-silicon modules Soi l inq.  Front surface s o i l i n g  by airborne con- 
(10). taminants can lead t o  s i g n i f i c a n t  degradation o f  

module performance i n  cases where the  i l l u m i -  
Mechanical Loading, Twis t  and H a i l  Tests. These nated surface i s  a polymer mater ia l .  As w i th  
t e s t s  def ine  generic mechanical-loading stress photothermal oxidation, no short-term qua1 t e s t  
l e v e l s  f o r  modules, and are appl icable f o r  most has proven re l i ab le ,  but  mater ia l  select ion 
app l ica t ions  i nc lud ing  extreme-cl imate (mountain guidel ines and so i l - r es i s tan t  coatings have been 
top )  appl icat ions.  The t e s t s  account f o r  wind, developed based on long-term f i e l d  t es t s  (12). 
snow and i c e  loads, module mounting t o  non-planar Glass has proven t o  be an excel lent  low-so i l ing  
support st ructures,  and impact by h a i l  stones o f  s u r f  ace. 
2-an dianeter  and less. They are e f f e c t i v e  design 
requirements and genera l ly  st ra ight forward t o  meet Electrochemical Corrosion. The on ly  qua1 t e s t  
w i t h  3-IR~ (118-inch) tempered-glass module cu r ren t l y  re la ted  t o  system operating voltage i s  
designs. Annealed glass may pass these tests, but  the h ipo t  tes t .  An important addi t ional  
o f t en  e x h i b i t s  excessive numbers o f  f i e l d  f a i l u r e s  degradation mechanism i s  accelerated corrosion o f  
f rom thermal stresses encountered due t o  the so la r - ce l l  mater ia ls due t o  voltage-induced 
non-unif orm so lar  heating o f  t h e  module area. i on i c  migrat ion between c e l l s  and the module 

'App l i ca t i ons  w i t h  a s i g n i f i c a n t  incidence o f  la rge frame. Although no short-term qua1 t e s t  exists,  
( >2-an diameter) h a i l  stones may choose t o  design research on t h i s  mechanism i s  progressing r a p i d l y  
f o r  a greater  resistance t o  h a i l  impact; 5-m and has l ed  t o  pre l im inary  design guide1 ines and 
(3/16-inch) tempered glass i s  general ly  t h e  t e s t i n g  methods (13). 



Bypass Diode Overheating. I n s u f f i c i e n t  heat 
s ink ing and excessive current  leve ls  are the 
pr imary causes o f  bypass diode fa i l u res .  A new 
qua1 t e s t  has been developed t o  def ine  and ve r i f y  
acceptable bypass diode thermal design and 
implementation ( 14). The requirement 1 i m i  t s  the  
diode junct ion  temperature under hot  f i e l d  
condi t ions (100 m~lun2,  400C ambient) t o  
500C below the diode manufacture's stated 
maximum allowable j unc t i on  temperature. 

RELIABILITY DESIGN LESSONS 

A large number o f  design techniques and 
analysis methods have been developed dur ing the 
past  10 years t o  ass i s t  i n  meeting the  above 
described requirements w i t h  c rys ta l l i ne -S i  solar 
ce l l s .  I n  l i e u  o f  repeat ing previous reviews o f  
these technologies (1,15), it i s  usefu l  t o  examine 
some o f  t he  more fundamental lessons o f  the  design 
experience. 

I d e n t i f i c a t i o n  o f  Key R e l i a b i l i t y  Problem Areas. 

One o f  t h e  more i n t r i g u i n g  and recur r ing  
issues i n  module design i s  t h e  r e l a t i v e  r o l e  o f  
the module encapsulant system i n  achieving module 
r e l i a b i l i t y  by p ro tec t i ng  f r a g i l e  solar  ce l l s .  
A f t e r  10 years o f  t e s t i n g  both bare c e l l s  and 
nodules, i t  i s  becoming c lear  t h a t  t h e  encapsulant 
i s  t h e  most problem- prone p a r t  o f  t h e  module, and 
i t  general ly  does not  enhance the  r e l i a b i l i t y  o f  
t he  solar  c e l l s  over t h e i r  p e r f  onnance unencapsul a- 
ted. For example, i n  t es ts  a t  Clemson University, 
bare c rys ta l l i ne -S i  c e l l s  have r o u t i n e l y  demon- 
s t ra ted be t te r  r e l i a b i l i t y  than t h e  same c e l l s  
when encapsulated i n  any o f  a v a r i e t  o f  t y p i c a l  
photovol ta ic encapsulant systems (167. The p r i n -  
c i p a l  demonstrated func t i on  o f  t h e  encapsulant i s  
t o  s t r u c t u r a l l y  support t h e  c e l l s  and i so la te  them 
e l e c t r i c a l  1 y f o r  sa fe ty  reasons. Secondary f unc- 
t i o n s  include prov id ing an e a s i l y  cleaned external  
surface and reducing the  c e l l  operat ing tempera- 
t u r e  by increasing t h e  surface emissiv i t ies.  

Unfortunately, wh i l e  attempting t o  provide 
these functions, t h e  module encapsul ant of ten  
aggravates or creates a number o f  f a i l u r e  mech- 
anisms. These include cracking, yel lowing, 
delamination, accelerated corrosion, and 
lami nat ion  (processing 1, and d i f f e r e n t i a l  expan- 
s ion stresses. I n  addit ion, t he  encapsulant may 
f a i l  t o  perform i t s  intended funct ion,  resu l t i ng  
i n  voltage breakdown, excessive leakage currents, 
increased s o i l i n g  o r  increased operat ing tempera- 
tures. The conclusion i s  t h a t  c e l l s  must be 
chosen w i th  good inherent r e l i a b i l i t y ,  and t h e  
encapsulant must be c a r e f u l l y  selected t o  perform 
i t s  funct ions whi le  not degrading the  r e l i a b i l i t y  
and e f f i c i e n c y  o f  t he  unencapsulated cel ls .  

Aside from f a i l u r e s  associated w i t h  the  
encapsulant, t he  p a r t  o f  a c rys ta l l i ne -S i  module 
second most l i k e l y  t o  have a f a i l u r e  i s  t he  
e l e c t r i c a l  c i r c u i t .  This includes solar  c e l l  
e l e c t r i c a l  interconnects and solder jo in ts ,  bus 
wires, and e l e c t r i c a l  termi nal  components. 

Typical f a i l u res  include mechanical fat igue o f  
conductors, broken solder jo in ts ,  corrosion o f  
e l e c t r i c a l  terminals, photothermal degradation of 
connectors and cabling, and thermal warping o f  
junct ion boxes. 

The most r e l i a b l e  element o f  a c rys ta l  l ine-Si  
module i s  of ten the c e l l s  themselves. Although 
c e l l  r e l i a b i l i t y  problems are infrequent i n  modern 
crys ta l  l ine-S i  modules, h i s t o r i c a l  f a i l u r e  
mechanisms include c e l l  cracking, meta l l i za t ion  
delamination (increased ser ies resistance), and 
degradation o f  the an t i - re f l ec t i ve  coating. This 
demonstrated high r e l i a b i l i t y  w i th  c rys ta l l ine-S i  
c e l l s  may or may not be achievable wi th t h i n - f i l m  
ce l ls ;  establ ishing the inherent r e l i a b i l i t y  o f  a 
candidate t h i n - f i l m  c e l l  i s  therefore an important 
f i r s t  step i n  the process o f  achieving a 
h i g h - r e l i a b i l i t y  l o n g - l i f e  module. L i f e  tes t i ng  
o f  bare c e l l s  provides an e f fec t i ve  means of 
evaluating c e l l  r e l i a b i l i t y  and providing a 
baseline f o r  comparison w i th  post-encapsulation 
r e l i a b i l i t y  data. 

Establishment o f  Mechanism-Specific R e l i a b i l i t y  
Goals. - 

A key step i n  achieving high r e l i a b i l i t y  i s  
establ ishing mechanism-specific r e l i a b i l i t y  
goals. This forces several d isc ip l ines  on the 
design process: F i r s t ,  i t  requires that  a l l  
f a i l u r e  mechanisms be determined, and that  the 
economic importance a t  the system level  be 
determined f o r  each f a i l u r e  or  degradation 
occurence. For some mechanisms, such as 
encapsulant so i l ing ,  the economic impact i s  
d i r e c t l y  proport ional  t o  the degradation level  and 
i s  eas i l y  calculated. For others, such as 
open-circui t  or sho r t - c i r cu i t  f a i l u res  o f  
ind iv idua l  solar ce l ls ,  elaborate s t a t i s t i c a l -  
economic analyses tha t  include the e f fec ts  o f  
c i r c u i t  redundancy, maintenance practices, and 
l i fe -cyc le  cost ing are required (1, 5). Without 
such analyses, f a i l u r e  leve ls  cannot be 
interpreted w i th  meaning. 

Table 2 l i s t s  the 13 p r i nc ipa l  f a i l u r e  
mechanisms f o r  f l a t - p l a t e  c rys ta l l ine-S i  
photovol ta ic modules, together w i th  t h e i r  economic 
s igni f icance (1). The un i t s  o f  degradation l i s t e d  
i n  the t h i r d  column provide a convenient means o f  
quant i fy ing the f a i l u r e  leve ls  o f  the ind iv idua l  
mechanisms according t o  t h e i r  approximate time 
dependence. For example, u n i t s  o f  Xlyr i n  the 
context o f  component or module f a i l u r e s  r e f l e c t  a 
constant percentage o f  components f a i  1 ing  each 
year. For com onents tha t  f a i l  w i th  increasing k rap id i t y ,  (%/y ) i s  the u n i t  used t o  ind ica te  
l i n e a r l y  increasing f a i l u r e  rate.  For those 
mechanisms c lass i f i ed  under power degradation, the 
Xlyr un i t s  re fe r  t o  the percentage o f  power 
reduction each year. 

Using the un i ts  described above, Columns 4 and 
5 of Table 2 ind ica te  the leve l  o f  degradation f o r  
each mechanism that  w i l l  r e s u l t  i n  a 10% increase 
i n  the cost o f  del ivered energy from a large PV 
system. Because the mechanisms w i l l  generally 
occur concurrently. the  t o t a l  cost impact i s  t he  



Table 2. System L i fe -cyc le  Energy Cost Impact and 
Allowable Degradation Levels f o r  13 
P r inc ipa l  C rys ta l l i ne -S i l i con  Module 
Fa i l u re  Mechanisms 

sun o f  t he  13 cost  cont r ibu t ions.  Colunn 6 l i s t s  
a straunan a l l oca t i on  o f  al lowable degradation 
among the  13 mechanisms t o  achieve a spec i f i c  
t o t a l  r e l i a b i l i t y  performance. I n  t h i s  case t h e  
r e l i a b i l i t y  a l locat ions are consistent  w i th  a 20% 
increase i n  the cost  o f  energy over t h a t  from a 
perfect .  f a i l u r e - f r e e  system w i th  a 30-year l i f e .  

I n  contrast  t o  Table 2. Table 3 provides 
s im i l a r  data f o r  13 l i k e l y  f a i l u r e  mechanisms 
associated w i t h  modules made w i t h  t h i n - f i l m  c e l l s  
mono l i t h i ca l l y  deposited on a glass superstrate. 
Note t h a t  t he  module-f a i l u r e  and power-degradati on 
mechanisms remain essen t ia l l y  the same except f o r  
module op t i ca l  degradation and l i g h t  induced 
e f fec ts .  Because t h e  t h i n - f  i l m  c e l l s  are assuned 
deposited d i r e c t l y  on t h e  glass superstrate, there 
i s  no polyner i n  t h e  o p t i c a l  path  t o  the  c e l l  t h a t  
can degrade i n  i t s  transmission propert ies; t he  
a l l oca t i on  f o r  t h i s  mechanism i s  therefore 
subs tan t i a l l y  reduced. In i t s  place i s  the new, 
and probably l a g e r  power degradation mechanism 
re fe r red  t o  as l ight- induced ef fects.  The 5% 
a l l oca t i on  f o r  t h i s  degradation assmes it reaches 
e q u i l i b r i u n  qu i ck l y  i n  t h e  f i r s t  few months o f  
f i e l d  app l ica t ion  and remains constant a t  t he  5% 
leve l  over the  p lan t  l i f e .  

Another important d i f fe rence w i t h  monol i th ic 
t h i n - f i l m  modules i s  t h e  absence o f  c e l l  cracking 
and mechanical f a t i gue  o f  t h e  leads t h a t  
interconnect c r y t a l l  ine-Si ce l l s .  Unfortunately, 
these f a i l u r e  mechanisms, which have been 
successful 1 y addressed through c i r c u i t  redundancy 
features i n  c r y s t a l  l ine-S i  modules, are replaced 
w i t h  open-circui t ing o f  t h e  monol i th ic  c e l l  
interconnect i n  t h i n - f i l m  modules. 

This mechanisn has already taken i t s  t o l l  i n  
aorphous-Si f i e l d  i n s t a l l a t i o n s  and demands 
care fu l  attention. Not ice  from Column 4 o f  Table 
3 t h a t  one interconnect f a i l u r e  per thousand c e l l s  
per year causes the  cost  o f  generated e l e c t r i c i t y  
t o  increase by 10%; t h i s  assunes extensive ser ies 
p a r a l l e l i n g  and the  use o f  bypass diodes t o  
minimize the  impact o f  c e l l  open c i r c u i t s  (1). 

Table 3. System Life-Cycle Energy Cost Impact and 
Allowable Dearadation Levels f o r  13 - - -  

p r i nc ipa l  ~ h r n - ~ i l m  Module ~ a i l u r e  
Mechanisms 

c-w-mt 
fJ*m 

Power 
d.gr.d.tian 

A t h i r d  mechanism cateaorv o f  im~ortance t o  
t h i n - f i l m  modules includes-a i a r i e t y ' o f  mechanisms 
responsible f o r  gradual, but continuing degrada- 
t i o n  o f  the c e l l  power. Examples include losses 
caused by migrat ion o f  elements i n t o  and among the 
c e l l ' s  t h i n - f i l m  layers, corrosion o f  the rear 
metal 1 izat ion,  increased series resistance o f  c e l l  
interconnects, and local ized shunting o f  c e l l  
areas. Although the a1 locat ion f o r  t h i s  mechanism 
category has been l e f t  a t  0.2% per year, e a r l y  
r e l i a b i l i t y  data ind ica te  tha t  t h i s  could be a 
challenging target  f o r  t h i n - f i l m  modules. 

Although d i f f e r e n t  degradation al locat ions 
could have been chosen i n  Tables 2 and 3, the 
important po in t  i s  t ha t  these al locat ions allow 
the s igni f icance o f  observed fa i l u res  t o  be 
measured, and goals t o  be developed t o  guide 
mechanism-specif i c  research a c t i v i t i e s .  

RELIABILITY TESTING LESSONS 

Because the physics o f  most f a i l u r e  mechanisms 
i s  poor ly understood, achieving high re1 i ab i  1 i t y  
requires a strong re l iance on empirical character- 
i za t i on  and test ing.  This can take the form o f  
laboratory accelerated tests,  outdoor t e s t  racks, 
or  complete system appl icat ion experiments. Each 
has i t s  lessons. 

Laboratory Test inq. 

At the roo t  o f  achieving l o n g - l i f e  modules i s  
ensuring tha t  a l l  the important problems are 
i d e n t i f i e d  ea r l y  so tha t  they can be 
systemat ical ly  addressed. The qua l i f i ca t i on  tes ts  
described e a r l i e r  (Table I) have been found t o  be 
the most cost-ef fect ive way t o  i d e n t i f y  obvious 
r e l i a b i l i t y  problems, and should be applied as 
ea r l y  i n  the design process as possible using 
prototype hardware manufactured w i th  candidate 
mater ia ls and processes. Even w i th  careful  
a t tent ion  t o  the lessons o f  the past, new module 
designs almost never pass the qua1 t e s E X X h e  
f i r s t  try. 



In  add i t ion  t o  the  qual tests,  i t  i s  important 
t o  conduct long-term l i f e  t e s t s  a t  parametric 
s t ress  leve ls  t o  achieve a quan t i t a t i ve  under- 
standing o f  the  paraneter dependencies involved 
w i t h  complex f a i l u r e  mechanisms. Photothermal 
aging and corrosion o f  c e l l s  and modules are 
obvious examples. Because o f  t he  expense and many 
months required, t h i s  type o f  t e s t i n g  must 
genera l ly  proceed sys temat ica l ly  as p a r t  o f  an 
in tegra ted research e f f o r t ,  as opposed t o  being a 
p a r t  o f  a shor t - te rn  product developnent cycle. 

Outdoor Test  Racks. 

A second t e s t i n g  approach requ i r i ng  extended 
t e s t  durat ions i s  outdoor t e s t i n g  on f i e l d  t e s t  
racks. Unfortunately, t he  co r re la t i on  between 
t h i s  type o f  t e s t i n g  and observed f a i l u r e s  i n  
f i e l d  app l ica t ions  has h i s t o r i c a l l y  been poor. 
Key problems stem from the  l i m i t e d  nunber o f  
samples on tes t ,  and the  absence o f  many 
user - in ter face stresses such as appl ied voltages. 
This type o f  t e s t i n g  i s  most ly  useful  f o r  backing 
up the  qual tests,  t o  catch a not- tested-for  
mechanism t h a t  might became v i s i b l e  a f t e r  a modest 
per iod  o f  f i e l d  aging. The t e s t s  can be enhanced 
substant i  a l l y  by incorpora t ing  as many 
user - in ter face stresses as possib le and increasing 
the  nunber o f  samples on t e s t  t o  a maximum. 
Important user- i  n t e r f  ace stresses include module 
opera t ing  p o i n t  (open c i r c u i t ,  maximum power 
point ,  and shor t  c i r c u i t ) ,  array voltage b ias ing  
o f  t he  c e l l  s t r i n g  above and below t h e  
module-f rame ground potent ia l ,  p a r t i  a1 shadows, 
and increased operat ing temperatures. 

Forc ing  a constant, bu t  reasonable operat ing 
temperature such as 850C o r  lOOoC can be an 
e f f e c t i v e  way t o  accelerate ce r ta in  f i e l d  aging 
mechanisms i n  a pred ic tab le  way. One means o f  
achieving the  increased temperature i s  w i t h  
t hennos ta t i ca l l y  con t ro l l ed  ex terna l  heaters, 
which are cycled o f f  a t  n igh t .  Simultaneous 
t e s t i n g  a t  two separate temperatures al lows 
determination o f  t he  degradation-rate temperature 
dependence and there fore  p rov i  des improved 
ex t rapo la t i on  o f  degradation data t o  nominal f i e l d  
condit ions. 

App l ica t ion  Experiments. 

Because o f  t he  shortcomings o f  laboratory and 
test-rack aging, many problems are no t  
acknowledged as such u n t i l  they  are encountered i n  
a l a rge  operat ing system. The la rge number o f  
modules involved i n  such systems i s  extremely 
usefu l  i n  quant i fy ing  the  s ign i f i cance o f  the  
problem, and the user - in ter f  ace stresses are 
rea l .  One f a i l u r e  out  o f  10 i n  a q u a l i f i c a t i o n  
test ,  o r  i n  a f i e l d  t e s t  rack, i s  o f t en  discounted 
as a cur ios i ty ;  10% f a i l u r e s  i n  a la rge system i s  
a problem. 

Because o f  t h e  often-present desire t o  f i e l d  a 
la rge h i g h - v i s i b i l i t y  app l i ca t i on  as soon as 
possible, there  i s  great pressure t o  shortcut  the  
labora tory - tes t ing  and des ign-qua l i f i ca t f  on 
process, and t o  go d i r e c t l y  t o  t h e  f i e l d .  This 
almost always r e s u l t s  i n  tarnished reputations, 

sl ipped schedules, minimal learning, cost 
overruns, and ea r l y  app l ica t ion  retirement. The 
high cost o f  f a i l u r e  i n  the f i e l d ,  together w i th  
the need f o r  f i e l d  t es t i ng  argues f o r  careful  
laboratory t e s t i n g  and test-rack aging, fol lowed 
by thoughtfu l  se lec t ion  o f  a low-risk f i r s t  f i e l d  
appl icat ion.  This system should be instrunented 
t o  obtain quant i ta t ive  data on fa i l u res ,  and be 
designed w i th  f a i l u r e  containment features and 
f a i l u r e  contingency plans. 

Fa i l u re  Analysis. 

Aside from the t e s t i n g  method used t o  i d e n t i f y  
a r e l i a b i l i t y  problem, a thorough and careful  
f a i l u r e  analysis i s  a c r i t i c a l  next step. It i s  
not  s u f f i c i e n t  t o  know tha t  a module open- 
c i rcu i ted ;  one must determine where and why i n  
order t o  e f f e c t  a cor rec t ive  action. Did an 
interconnect fa t igue due t o  a f a u l t y  design, o r  
d i d  someone fo rge t  t o  solder a lead t o  a solar 
c e l l ?  The cor rec t  response i s  c r i t i c a l l y  
dependent on understanding the t rue  source o f  the 
problem. 

SUMMARY REMARKS 

Achieving 30-year- l i fe f l a t - p l a t e  PV modules 
requires a systematic approach t o  the i d e n t i f i -  
ca t ion  o f  f a i l u r e  mechanisms, t o  the establ ish-  
ment o f  allowable f a i l u r e  levels,  t o  the devel- 
opment o f  r e l i a b i l i t y  design and t e s t  methods, and 
t o  the d e f i n i t i o n  o f  cos t -e f fec t ive  solutions. 
Based on t h i s  methodology, the r e l i a b i l i t y  o f  
f l a t - p l a t e  c rys ta l l i ne -S i  PV modules has s tead i ly  
increased f ran 5-year-1 i f e  modules o f  the  ea r l y  
1970s t o  10- t o  20-year- l i fe modules o f  today. It 
i s  expected tha t  t h i n - f i l m  modules w i l l  have much 
i n  comnon w i th  t h e i r  c r y s t a l l i n e  precursors and 
w i l l  be able t o  make substant ia l  use o f  the 
r e l i a b i l i t y  design and t e s t  methods developed t o  
date. At  the same time, however, new mater ia ls  
and processes i n  t h i n - f i l m  modules w i l l  requ i re  a 
d i l i g e n t  re1 i a b i l  i t y  program invo lv ing  evaluation, 
tes t ing ,  and the development o f  new so lu t ion  
techniques unique t o  the a t t r i bu tes  and 
p e c u l i a r i t i e s  o f  t h i n - f i l m  ce l l s .  
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